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The subarctic North Pacific is a high nitrate-low chlorophyll (HNLC) region, where
phytoplankton growth rates, especially those of diatoms, are enhanced when micro-
nutrient Fe is added. Accordingly, it has been suggested that glacial Fe-laden dust
might have increased primary production in this region. This paper reviews pub-
lished palaeoceanographic records of export production over the last 800 kyrs from
the open North Pacific (north of ~35°N). We find different patterns of export produc-
tion change over time in the various domains of the North Pacific (NW and NE
subarctic gyres, the marginal seas and the transition zone). However, there is no com-
pelling evidence for an overall increase in productivity during glacials in the subarctic
region, challenging the paradigm that dust-born Fe fertilization of this region has
contributed to the glacial draw down of atmospheric CO2. Potential reasons for the
lack of increased glacial export production include the possibility that Fe-fertiliza-
tion rapidly drives the ecosystem towards limitation by another nutrient. This effect
would have been exacerbated by an even more stable mixed layer compared to today.
The possibility that a stronger biological pump has con-
tributed to lower glacial atmospheric CO2 levels has long
been debated (Broecker, 1982; Sarmiento and Toggweiler,
1984; Sarnthein and Winn, 1988; Sigman and Boyle, 2000
and others). In this scenario, the net carbon uptake by the
marine biosphere is increased relative to upwelling fluxes
during glacials and is subsequently sequestered into the
deep ocean via particle flux.
The subarctic North Pacific is of particular interest
in this context. Similar to the Southern Ocean and the
Equatorial Pacific, this region is characterized by an ex-
cess pool of nitrate, phosphate and silicic acid in the
euphotic zone, which is not fully utilized by marine
phytoplankton under modern conditions. The present con-
sensus is that the growth of large celled phytoplankton
(diatoms) is limited chiefly because of the low ambient
concentrations of the micronutrient iron (Martin and
Fitzwater, 1988; Boyd et al., 1996; Boyd and Harrison,
1999; Tsuda et al., 2003). Observations and model re-
sults suggest that iron is delivered to the subarctic North
Pacific mainly by atmospheric transport of mineral dust
from central China (Duce and Tindale, 1991; Tegen and
1.  Introduction
Air bubbles trapped in Antarctic ice reveal that at-
mospheric CO2 concentrations varied cyclically from low
values (~180 ppm) during glacial periods to higher val-
ues (~280 ppm) during interglacials (Barnola et al., 1987;
Petit et al., 1999). These changes were accompanied in
lock step by changes in inferred air temperature and were
followed by changes in global sea level (Petit et al., 1999;
Shackleton, 2000). There is a general consensus that
changes in the ocean played a major role in controlling
the variations in atmospheric CO2. However, uncertainty
remains regarding the process or the combination of proc-
esses that have led to the cyclical variations in atmos-
pheric CO2 concentrations. The ocean can influence at-
mospheric CO2 on glacial-interglacial and millennial
time-scales in various ways (see Sigman and Boyle, 2000
and Pedersen et al., 2002 for recent reviews), one of which
is a change in the strength of the ocean’s biological pump.
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Fung, 1995; Fung et al., 2000; Kawahata et al., 2000).
Marine, terrestrial and ice core records clearly indicate
that the last glacial maximum (LGM) and previous gla-
cial periods were characterized by a much more active
dust cycle and globally enhanced rates of mineral dust
deposition (see Kohfeld and Harrison, 2001, for a review).
For example, according to numerical simulations by
Mahowald et al. (1999) and Werner et al. (2002), dust
deposition over the subarctic N. Pacific increased by fac-
tors of >20 and 2–5, respectively. The GISP-II ice core
also records significantly higher dust accumulation dur-
ing the LGM over Greenland compared to today, and the
isotopic and mineralogical signature of this glacial dust
suggest mainly an Asian source region, similar to today
(Biscaye et al., 1997; Svensson et al., 2000). It was pre-
viously envisioned (Martin, 1990) that higher iron depo-
sition over currently iron limited regions, such as the
Southern Ocean, the Equatorial Pacific and the subarctic
N. Pacific, during glacial periods led to more efficient
nutrient utilization, a strengthening of the biological pump
and a net draw down of atmospheric CO2.
The purpose of this paper is to review
palaeoceanographic records of export production in the
subarctic N. Pacific over the late Quaternary (0–800 kyr)
(see Fig. 1 and Table 1 for core locations). The focus is
on records outside the influence of the eastern (California
Current) and western (Kuroshio) boundary currents,
which have their own oceanographic and biological proc-
esses. Over the last decade, considerable progress has
been made in identifying suitable coring sites in the North
Pacific that lie above the carbonate compensation depth
(CCD) and are not influenced by turbidity currents. While
there is still much room for improvement in terms of core
density, temporal resolution, and proxy methods applied,
we examine the palaeoceanographic records that are avail-
able from this region for evidence of past changes in the
strength of the biological pump as recorded by changes
in sedimentary fluxes of biogenic material (opal, organic
carbon, brassicasterol) and a proxy of organic carbon flux
(Ba). We find different patterns of export production
change over time in the various domains of the North
Pacific (NW and NE subarctic gyres, the marginal seas
and the transition zone), but no compelling evidence for
an overall increase in opal production, which would be a
response to iron fertilization, in the glacial subarctic Pa-
cific. Possible reasons for the lack of response of the bio-
logical pump to iron fertilization are discussed.
2.  Modern Hydrography and Biology
The hydrographic and biological conditions of the
subarctic Pacific are briefly reviewed here to provide the
rationale for the discussion of the palaeo records. Harrison
et al. (1999), drawing heavily on the results obtained
during JGOFS process studies, and Harrison et al. (2004)
provide more detailed reviews of the biological oceanog-
raphy of the open subarctic Pacific. The atmospheric pres-
sure system over the region induces westerly winds, which
are strongest during the winter season (Nov.–Feb.). The
wind field causes divergent southward Ekman transport
and associated Ekman pumping with upward velocities
of about 30 m/yr over the entire subarctic North Pacific
(north of ~35–40°N; Talley, 1985; Gargett, 1991). This
slow upward movement of cold and nutrient-rich subsur-
face waters provides new nutrients to the upper ocean.
However, surface buoyancy forcing and turbulent mix-
ing also affect the net concentrations of nutrients in the
euphotic zone of the North Pacific (Gargett, 1991; Glover
et al., 1994; Whitney and Freeland, 1999). The surface
layer is relatively fresh due to a combination of low evapo-
ration rates and a small rate of through-flow of warmer
and saltier surface waters from the south (Warren, 1983;
Emile-Geay et al., 2003). Consequently, a strong halocline
is present year round at around 120 m water depth, which
is further reinforced by an even shallower seasonal
thermocline that develops during the summer at approxi-
mately 50 m depth (Tabata, 1975; Warren, 1983; Denman
and Gargett, 1988). The combined effect is a highly strati-
fied surface ocean with mixed layer depths averaging ~50
m during the summer and ~120 m (in the NE) to 150 m
(in the NW) during the windier winter season (Tabata,
1975; Glover et al., 1994; Whitney and Freeland, 1999;
Tsurushima et al., 2002). With the onset of spring, as ir-
radiance levels increase and the mixed layer shoals due
to thermal heating, it becomes isolated from the nutrient
reservoir in the subsurface waters and phytoplankton
growth draws down surface nutrients to about 50% of their
winter values (e.g. Whitney and Freeland, 1999; Wong et
al., 2002). During the winter, stronger winds result in
deeper mixing and replenishment of nutrients to the mixed
layer. It follows that, at least on annual time scales, the
availability of macronutrients in the euphotic zone is posi-
tively correlated with the depth of the winter mixed layer
(e.g. Glover et al., 1994). Over the last four decades,
trends towards warmer and fresher surface waters and
lower winter nitrate and silicic acid levels have been ob-
served in the NE subarctic Pacific, and it is speculated
that these changes are reducing marine productivity in
this area (Freeland et al., 1998; Whitney et al., 1998;
Whitney and Freeland, 1999). Similarly, trends towards
a fresher surface mixed layer, lower surface phosphate
concentrations and reduced net community production
were observed in the NW subarctic Pacific over the last
three decades (Chiba et al., 2004).
The subarctic North Pacific is one of three high nu-
trient, low chlorophyll (HLNC) regions, where the major
nutrients nitrate, silicic acid and phosphate are present
year round, despite nutrient utilization during the sum-
mer months. Primary productivity measurements range
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from 300–600 mg C m–2d–1 with little seasonal variation
(2×) in the open NE Pacific (at Ocean Station Papa, OSP;
Harrison et al., 1999) to 50–530 mg C m–2d–1 in the open
NW Pacific, where the seasonal amplitude is significantly
higher (10×; at Station KNOT; Imai et al., 2002). The
currently accepted view is that the growth of large
phytoplankton cells (mainly diatoms) is limited by low
Fe abundances (Martin and Fitzwater, 1988; Boyd et al.,
1996; Boyd and Harrison, 1999). In the NE subarctic Pa-
cific, carbon biomass has been observed to increase sig-
nificantly after a storm event bringing Gobi desert dust
to the region (Bishop et al., 2002), and recent open ocean
Fe fertilization experiments in the NE and NW Pacific
Gyres, SERIES (Boyd et al., in prep.) and SEEDS (Tsuda
et al., 2003), respectively, have shown that diatom pro-
duction increases after Fe stress is relieved. Smaller
phytoplankton cells, however, which dominate the
phytoplankton community and productivity, escape iron
limitation by utilizing ammonium and urea as nitrogen
substrates (Miller et al., 1991; Varela and Harrison, 1999).
Their abundance, in turn, appears to be controlled by
micro zooplankton grazing (Miller et al., 1991; Varela
and Harrison, 1999). New production is 20–30% of total
production at OSP (Varela and Harrison, 1999). These
direct measurements are in good general agreement with
estimates from a global biogeochemical modeling study
that predicts f ratios of 0.3 in the open N. Pacific, and 0.5
along its margins (Laws et al., 2000).
The Okhotsk and Bering Seas are characterized by
subpolar conditions and extensive sea ice cover during at
least 6–7 months every year (Nov.–April). Phytoplankton
growth in these marginal seas is largely related to the sea-
sonal retreat of sea ice, which enhances upper ocean sta-
bility, and the long duration (17–20 h) of daylight during
the summer (e.g. Sorokin, 1999). Primary production rates
are hence negligible in winter, but peak in May/June
(2500–3000 mg C m–2d–1) and August/September (1000
mg C m–2d–1) with intermittently reduced primary pro-
ductivity (500 mg C m–2d–1) due to heterotrophic grazing
during mid summer (Sorokin, 1999; Sorokin and Sorokin,
1999).
The transition zone between subarctic and subtropi-
cal water masses in the western Pacific extends from ap-
proximately 42–30°N and includes the eastwards exten-
sion of the Kuroshio Current. This region is character-
ized by steep gradients in temperature, salinity and nutri-
ents (e.g. Levitus, 1994) and by a highly heterogeneous
hydrography that includes cold fresh eddies south of the
subarctic front (Yasuda et al., 2001). Sediment trap ex-
periments across the transition zone at ~175°E demon-
strate that the mean annual fluxes of organic matter and
opal increase towards the subarctic in this region
(Kawahata et al., 1998).
3. Strategy: Sedimentary Proxies to Reconstruct
Export Production
Accumulation of biogenic opal, organic carbon
(Corg), barium (Ba), and molecular biomarkers have been
used in several studies to elucidate the history of export
production in the North Pacific (Fig. 1, Table 1). Each
proxy holds valuable information about the past carbon
cycle, but has associated assumptions and problems. Corg:
Numerous studies have shown an overall positive rela-
tionship between primary productivity, organic carbon ex-
port and burial (e.g. Müller and Suess, 1979; Sarnthein et
al., 1987; Calvert et al., 1992, 1995), but the exact con-
ditions under which organic carbon is preserved in the
sediment are still subject to some debate (Hartnett et al.,
1998; Ganeshram et al., 1999; Thunell et al., 2000; Stott
et al., 2000; Hedges et al., 2001). Biogenic opal: As the
ocean is undersaturated with respect to silicic acid, bio-
genic opal dissolves on its way to the sea floor and at the
sediment water interface. A small residual fraction of the
settling opal escapes dissolution, however, and opal-rich
sediments in the modern ocean are clearly linked to bio-
















Fig. 1.  Locations of core sites discussed in text. Ocean Station Papa (OSP) and KNOT are indicated by stars. The subarctic
boundary (gray line) separates the subarctic region to the north from the subtropical region to the south (redrawn from Thomson,
1981).
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support diatom blooms, especially those dominated by
large or heavily silicified species (e.g. Calvert and Price,
1983; Nelson et al., 1995; Ragueneau et al., 2000;
Pondaven et al., 2000). In one sediment record discussed
here (ODP 887B), downcore changes in the Si/Al ratio
(wt.%/wt.%) are considered to reflect changes in biogenic
opal content (McDonald et al., 1999), since normaliza-
tion to Al corrects for potential variations in detrital
aluminosilicate input. Direct measurements of biogenic
opal agree well with the Si/Al ratio in this core (Galbraith
and Calvert, unpub. data, 2003). As opal is the most widely
used proxy in studies carried out in the North Pacific, we
mainly focus on this proxy here, but we refer to addi-
tional export production proxy data if they exist from the
same core. In all cases the different proxies give a coher-
ent picture of past changes in export production.
Biomarkers: Brassicasterol (24-methylcholesta-5,22-dien-
3β-ol) represents over 90% of the sterols in most species
of diatoms (Volkman, 1986) and has been used as an or-
ganic diatom marker in the Okhotsk Sea (GCC-15, Ternois
et al., 2001). Barium (Ba): Biogenic Ba precipitation (as
barite, BaSO4) in the water column is linked to down-
ward carbon flux (e.g. François et al., 1995; Dymond and
Collier, 1996; Gingele et al., 1999). Although barite is
relatively inert, it dissolves in pore waters of suboxic and
sulphate reducing sediments (Von Breymann et al., 1992;
McManus et al., 1998).
For both Corg and Ba, quantitative algorithms have
been proposed to relate the sedimentary contents of these
components to past primary and export production in
terms of g C m–2y–1 (Sarnthein and Winn, 1988; Dymond
et al., 1992; François et al., 1995). However, the Corg
based algorithm is problematic because linear sedimen-
tation rates (LSR) in marine sediment cores often vary
much more than the Corg content (Middelburg et al., 1997),
so that the estimated Corg accumulation rate of a given
sediment core mainly reflects LSR. Thus, we treat all of
the available proxy data in a qualitative manner, and at-
tempt to assess whether export production and/or the ten-
dency of the pelagic ecosystem to support diatom blooms
increased or decreased over time.
The sedimentary concentration of each proxy reflects
some balance between downward (export) flux from the
euphotic zone, lateral flux, preservation efficiency, and
dilution by other sedimentary components. In order to
correct for variable dilution, fluxes of the material of in-
terest to the sea floor are often estimated from mass ac-
cumulation rates (MARs, where MAR = dbd × LSR × [i],
where dbd is the dry bulk density of the sediment in
g/cm3, LSR is the linear sedimentation rate in cm/kyr be-
tween dated horizons, and [i] is the concentration of the
compound of interest in wt.%). This approach, in turn, is
hampered by the resolution and accuracy of the
stratigraphy, the error associated with dry bulk density
measurements, and, as pointed out above, the dominant
control of large changes in sedimentation rates
(Middelburg et al., 1997). We plot mainly percentage
values here, but point out that for all but one core, per-
centages and MARs give the same general picture (see
original references). In the case of core GCC-15 from the
Okhotsk Sea, percentages and MARs imply a slightly dif-
ferent pattern during the last deglaciation and we present
both proxies in this case (see Fig. 5). The potentially most
serious problem with most records presented here (% and
MAR) is their inability to distinguish between downward
and lateral fluxes. Lateral fluxes of material to (or from)
the core site by bottom currents can greatly affect sedi-
ment accumulation (e.g. Marcantonio et al., 2001). Flux
normalization to the particle reactive radio nuclide 230Th
holds great promise for reconstructing true vertical fluxes
of biogenic constituents and thereby for obtaining a more
accurate estimate of palaeo export (e.g. Bacon, 1984;
François et al., 2003). Briefly, this approach relies on the
assumption that the flux of 230Th reaching the sea floor is
Table 1.  Sediment core records discussed in text.
Reference
NE Pacific ODP 887B 54°21.92′ N 148°26.78′ W McDonald et al. ,  1999
NW Pacific ODP 882 50°22′ N 167°36′ E Haug et al. ,  1995, 1999
KH99-03 Sta. ES 49°44.7′ N 168°18.9′ E Narita et al. ,  2002
RAMA 44PC 53°00′ N 164°39′ E Keigwin et al. ,  1992
Okhotsk XP98 1PC 51°00.9′ N 152°00.5′ E Narita et al. ,  2002
GCC-15 48°10.1′ N 151°20.2′ E Ternois et al. ,  2001
Transition zone NGC 108 36°36.85′ N 158°20.9′ E Maeda et al. ,  2002
H3571 34°54.25′ N 179°42.18′ E Kawahata et al. ,  2000
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equal to its known production rate by 234U decay in the
overlying water column. In contrast to U, 230Th is strongly
particle reactive. In settings where particles settle through
the water column without lateral redistribution, the 230Th
inventory in a sediment interval should match its produc-
tion in the overlying water column integrated over the
time period represented by the sediment section (François
et al., 2003). This approach was applied in this study us-
ing a core from the Alaskan Gyre region (PAR 87-1) (see
Fig. 3). At this site, good agreement between corrected
fluxes of Si and C and the Si/Al ratio is observed. At a
site in the NW subarctic Pacific (RAMA 44PC), new 230Th
measurements also confirm previous findings based on
MAR and percentages (Crusius, unpub. data). However,
230Th measurements are still lacking from all other sites
presented here, so that the conclusions we reach may well
be overturned when 230Th-normalized accumulation rates
become available for other sites.
The age models of the cores discussed here are
adopted from the original publications and are described
in the figure captions.
4.  Palaeoceanographic Results: Overview by Regions
4.1  Open Pacific
We first examine available long time-scale records
from the open North Pacific, that is the region minimally
influenced by coastal processes, such as upwelling and/
or strong tidal mixing.
ODP Site 887 from the Alaskan Gyre shows periods
of markedly increased Si/Al ratios (Fig. 2) throughout the
last 760 kyrs (McDonald et al., 1999). The changes in
the Si/Al ratio at this site correspond well to biogenic
opal values, which vary from 10% (Si/Al = 5) to over
70% (Si/Al = 30; Galbraith and Calvert, unpub data,
2003). Maxima in the Si/Al ratio are accompanied by rela-
tively high Ba/Al ratios (not shown) and are interpreted
to represent sporadic periods of intense export produc-
tion in this region (McDonald et al., 1999). No consist-
ent glacial-interglacial cyclicity is apparent in these pro-
ductivity events, but the Si/Al maxima occur predomi-
nantly during cooler interglacial substages such as 5.2
(87 kyrs), 5.4 (109 kyrs), 9.2 (320 kyrs) and 11.2 (375
kyrs) and during climate transitions such as from oxygen
isotope stage (OIS) 5 to 4 at 75 kyrs (McDonald et al.,
1999). The intervals with high Si/Al ratios are character-
ized by high abundances of large (>150 µm) diatom
frustules (McDonald et al., 1999). Measurements of 230Th
in the nearby site survey core PAR 87-1 indicate that the
intervals with high Si/Al ratio accumulated 2–5 times
faster than adjacent sediment intervals (McDonald et al.,
1999). Moreover, the 230Th measurements allow for flux-
corrected estimates of vertical Corg, Si, and Ba rain (Fig.
3). These results imply that the increase in Si export was
accompanied by an increase in organic carbon export.
Large differences in δ18O between coeval benthic and
planktonic foraminifera species suggest that the episodes
of high surface productivity were often associated with
low surface salinities, and carbon isotope ratios of bulk
organic matter are interpreted to suggest that they were
also associated with a decrease in surface water PCO2
(McDonald et al., 1999). The authors proposed that re-
gional influences such as dust-born iron inputs, possibly
from Asian and/or Alaskan sources and iron injections
from melt water, might have triggered these productivity
events. Alternatively, eddies spinning of off the western
continental margin of North America might have supplied
Fe and other nutrients from the coastal zone to the Gulf
(Whitney and Robert, 2002).
Irrespective of the cause of these intense but spo-
radic productivity events in the NE Pacific, they do not
appear to be tightly coupled with periods of high opal
accumulation in the western subarctic Pacific. At ODP
Site 882 opal percentages (Fig. 2) and opal MARS (not
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Fig. 2.  The Si/Al ratio, a proxy for biogenic opal, from the
Alaskan Gyre in the NE Pacific (McDonald et al., 1999)
and biogenic opal (%) from the subarctic NW Pacific (Haug
et al., 1995). Arrow on Y-axis in top panel indicates Si/Al
ratio in average crust (3.48; Krauskopf, 1979). The age
models are based on orbital tuning and magnetic reversals
(ODP Site 882; Tiedeman and Haug, 1995) and 14C meas-
urements (0–40 kyrs) and δ18O stratigraphy (ODP Site 887;
McDonald et al., 1999), respectively. Grey shadings indi-
cate glacial marine oxygen isotope stages. Vertical bars over
top panel indicates the time interval for which 230Th meas-
urements are available from site survey core PAR 87-1, close
to ODP Site 887 (see Fig. 3).
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ing that diatom production in this region was more in-
tense during warm periods of the climate system (Haug
et al., 1995). This pattern is consistent with the shorter
core record KH99-03 from the vicinity of ODP site 882
(Fig. 4) where opal percentages increase from <10% dur-
ing the glacial to 20–40% during the Holocene (Narita et
al., 2002).
Piston core RAMA 44 PC in the NW Pacific pro-
vides a high resolution record of the last 20 kyrs, which
includes the later part of the LGM, the deglaciation and
the Holocene (Keigwin et al., 1992). A marked increase
in export production during the deglaciation is evident in
this high resolution record (Fig. 5). Opal percentages in-
crease from low glacial values (<10%) to over 35% at
14.6 kyrs and reach intermediate values during the
Holocene (10–15%). The deglacial productivity event is
also evident in Corg percentages and opal and Corg MARs
from the same core (Keigwin et al., 1992). δ18O data of
the planktonic foraminifera N. pachyderma are interpreted
to reflect reduced sea surface salinity during the event,
similar to the observation of low salinity during the spo-
radic productivity events in the Alaskan Gyre (McDonald
et al., 1999). Prior to the productivity event, high con-
centrations of ice rafted debris in this core suggest the
frequent occurrence of ice berg drifts over the site.
4.2  Marginal Seas
4.2.1  Sea of Okhotsk
Similar to the open NW Pacific, core record XP98
1PC from the Okhotsk Sea shows high opal percentages
(~50%) in the Holocene and the previous interglacial (OIS








































































































Fig. 3.  230Th normalized fluxes of excess Ba, Corg and excess
Si compared to the Si/Al ratio of site survey core PAR-87-
1 in the Alaskan Gyre from 50 to 120 kyrs BP. 230Th data
(corrected for detrital input and in situ decay), Si and Ba
data (corrected for detrital input) and Corg data are from
McDonald et al. (1999) and McDonald and Pedersen
(unpub.). 230Th data were used here to calculate vertical
fluxes according to Bacon (1984) and François et al. (2003).
Note the good correspondence between maxima in Si and
Corg flux. Arrow on Y-axis in bottom panel indicates Si/Al
ratio in average crust (Krauskopf, 1979). No 230Th data are
available for the time intervals from 0–40 kyrs and 120–
150 kyrs BP.
Fig. 4.  Biogenic opal and Ba (excess) records of Okhotsk Sea
core XP98-1 PC (from Narita et al., 2002; Sato et al., 2002,
respectively) and biogenic opal of core KH99-03 from the
subarctic NW Pacific (Narita et al., 2002) for the last 200
kyrs. Age models are from original authors. The age model
of core XP98 1PC is based on 14C dates for the period 0–22
kyrs BP (solid triangles) and on correlating the opal record
to the normalized oxygen-isotope profile of Martinson et
al. (1987), assuming that periods of high opal values corre-
spond to interglacials, as suggested by the 14C ages cover-
ing the last glacial-interglacial transition. For core KH99-
03, approximate age fix points (open triangles) were as-
signed by correlating its opal record to the opal record of
core XP98 1PC. Grey shadings indicate glacial marine oxy-
gen isotope stages.
Export Production in the Subarctic North Pacific over the Last 800 kyrs: No Evidence for Iron Fertilization? 195
and cold stage 4 (Fig. 4; Narita et al., 2002). These find-
ings are in agreement with Ba measurements on the same
core (Fig. 4; Sato et al., 2002), earlier Okhotsk Sea opal
records (Gorbarenko, 1996), and with biomarker changes
in Okhotsk Sea core GCC-15 (Ternois et al., 2001). In
LGM sediments at this latter site, brassicasterol (Fig. 5)
and phytol (not shown) are present at minute concentra-
tions only and alkenones (not shown) are close to the limit
of detection. These findings suggest that algal produc-
tion, including diatoms and haptophytes, was severely
limited during the LGM. At the same time, the remaining
diatom assemblage was dominated by members of the sea
ice flora (Niztschia grunowii and Niztschia cylindra),
suggesting that perennial sea ice covered large parts of
the Okhotsk Sea during the LGM (Shiga and Koizumi,
2000).
During the last deglaciation, however, perennial sea
ice cover retreated significantly in the Okhotsk Sea (Shiga
and Koizumi, 2000). Maximal MARs of brassicasterol
(Fig. 5), C37 alkenones as well as phytol (not shown)
and % Corg (not shown) at site GCC-15 suggest that there
was a high productivity pulse in the Okhotsk Sea during
the deglaciation, similar to the western subarctic gyre.
The diatom flora during that interval (11–17 kyrs) is domi-
nated by Thalassionema nitzschioides, a species indica-
tive of productive waters (Shiga and Kuizumi, 2000).
Although there is good overall agreement between Ba and
opal concentrations in core XP98-1 PC (Fig. 4), Ba con-
centrations are also moderately elevated in this core dur-
ing the deglaciation where as opal concentrations are not
(Fig. 5). This could suggest that phytoplankton other than
diatoms might have proliferated after the cessation of full
glacial conditions (Sato et al., 2002), however, this inter-
pretation would be inconsistent with the high MAR of
brassicasterol during the deglaciation at site GCC-15 (Fig.
5). The Holocene in the Sea of Okhotsk is characterized
by high sedimentary opal contents (~50 wt.%,
Gorbarenko, 1996; Narita et al., 2002). Together with a
maximal ratio of brassicasterol/total organic carbon (Fig.
5), this implies a predominance of diatoms in the
phytoplankton community and high overall export pro-
ductivity during the last 10 000 years.
4.2.2  Bering Sea
Sancetta (1983) and Sancetta et al. (1985) used dia-
tom assemblages to reconstruct glacial conditions in the
Bering Sea. Nitzschia species that are common in sea ice
(N. grunowii and N. cylindra) are found in the modern
sediments only along the northern part of the Bering shelf,
consistent with the distribution of sea ice today. How-
ever, these species are found in large numbers in glacial
sediments in the southern and western parts of the Bering
Sea, implying that sea ice covered most of the Bering
Sea under glacial conditions (Sancetta, 1983; Sancetta et
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Fig. 5.  Biogenic opal and Ba records of Okhotsk Sea core XP98-
1 PC (Narita et al., 2002; Sato et al., 2002), Brassicasterol
(MAR and µg/g Corg total) of Okhotsk Sea core GCC-15
(Ternois et al., 2001), and biogenic opal of RAMA 44 PC
from the NW Pacific Gyre (Keigwin et al., 1992) over the
last 30 kyrs. Solid triangles in top three panels indicate 14C
dates. Age model of core XP98-1 PC is from Narita et al.
(2002), age model of GCC-15 is from Ternois et al. (2001),
based on 14C dates by Keigwin (1998). Age model of Rama-
44PC is based on 14C dates published by Keigwin et al.
(1992), which have been converted to calendar ages using
a –700 (±200) reservoir correction and the radiocarbon cali-
bration database and software (CALIB 4.3) of Stuiver et al.
(1998) for this study. Bottom panel shows non-sea salt po-
tassium (K+, in ppb), part of the total dust flux with a domi-
nant Asian provenance, as recorded in Greenland core GISP-
II (Rohling et al., 2003 and references therein). The present
interglacial (Holocene) and the last glacial maximum (LGM)
are indicated. The Younger Dryas (YD) cold period, Bølling-
Allerød (BA) warm period, and Heinrich event 1 (H 1) are
well recognized North Atlantic climate events.
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typical of the modern Okhotsk Sea, where winter sea ice
and strong summer vertical stratification prevail, is abun-
dant in glacial sediment sections from the Bering Sea and
the northernmost parts of the NE and NW subarctic Pa-
cific (Sancetta, 1983). These findings imply that ice melt-
ing in summer resulted in low surface salinities in these
regions during the glacial. Organic carbon percentages
are higher in Holocene sediment sections, which are also
more diatomaceous, suggesting higher export production
today compared to the last glacial (Gorbarenko, 1996).
Low glacial export production was probably caused by
the intensive sea ice cover and related light limitation
during much of the year, together with the strong stratifi-
cation and reduced vertical mixing rates when the sea ice
melted during the summer (Sancetta, 1985; Gorbarenko,
1996). During the last deglaciation, Corg values show in-
termittent maxima in Bering Sea cores (Gorbarenko,
1996). Sedimentary nitrogen isotope data from the Bering
Sea during the deglaciation suggest that nitrate utiliza-
tion was enhanced, which is interpreted to reflect higher
biological production during that time (Nakatsuka et al.,
1995). New palaeo records from the Bering Sea (Cook
and Keigwin, in prep.) are consistent with this interpre-
tation, and suggest a strong productivity event in the
Bering Sea during the last deglaciation similar to the
deglacial productivity pulse recorded in the open NW
Pacific (RAMA-44PC) and possibly the Sea of Okhotsk
(GCC-15).
4.3 Transition zone between the subarctic and subtropi-
cal Pacific
The pattern of change in export production inferred
from the transition zone between the subarctic and sub-
tropical regimes is opposite to that in the western subarctic
Pacific. Thus, cores NGC 108 and H3571 generally show
higher opal percentages and MARs (Fig. 6) during gla-
cial stages OIS 2, 4 and 6, similar to Corg percentages and
MARs (not shown), suggesting that export production was
generally higher in glacial periods (Kawahata et al., 2000;
Maeda et al., 2002). Note, however, that this pattern is
more pronounced in the MAR estimates and that the MAR
estimates can be seriously compromised by the effects of
lateral sediment redistribution, as noted earlier. Pollen are
more abundant in glacial sediments in this region, simi-
lar to Al and rounded quartz grains, implying that aerosol
accumulation was generally higher during glacial peri-
ods (Kawahata et al., 2000, 2002). These cores south of
the modern subarctic boundary provide the only evidence
so far for a possible increase in export fluxes during gla-
cial periods in the North Pacific.
5.  Discussion
Taken together, the sedimentary records currently
available from the subarctic Pacific suggest that export
production, especially that of opal producing
phytoplankton, did not increase during glacial stages.
Specifically, there is no correlation between downcore
changes in biogenic opal and the dust records from Ant-
arctica or Greenland. In fact, opal records from the
subarctic NW Pacific imply lower opal export during the
last several glacial cycles and significantly higher opal
accumulation during interglacials, similar to records from
the Okhotsk and Bering Seas. Only in the transition zone
between subarctic and subtropical water masses is there
evidence for an increase in export production during
glacials. We are not aware of any record from the sub-
tropical Pacific that would extend this pattern of produc-
tion change into the subtropical gyre on the time-scale of
interest here. Taken at face value, the absence of increased
opal or carbon contents in glacial sediments in the
subarctic region implies that increased particle export due
to iron fertilization did not occur. This is not consistent
with the overwhelming evidence of increased dust accu-
mulation during glacials (e.g. Kohfeld and Harrison, 2001)
and the well documented effect of iron fertilization on
phytoplankton growth rates in this region today (e.g.
Fig. 6.  Biogenic opal (% and MAR) of cores H3571 (Kawahata
et al., 2000) and NGC 108 (Maeda et al., 2002) from the
transition zone between subarctic and subtropical waters
over the last 200 kyrs. Age models are based on correlating
the δ18O stratigraphies of NGC 108 and H3571 to the glo-
bal SPECMAP δ18O time scale (Imbrie et al., 1984; solid
triangles are assigned control points). Grey shadings indi-
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Bishop et al., 2002; Tsuda et al., 2003; Boyd et al., in
prep.). In the first part of the discussion, we assume that
the palaeo proxies provide an accurate picture of water
column fluxes and discuss possible causes for the absence
of higher export production during glacials in the subarctic
Pacific. The findings from the transition are discussed
next, and possible biases of the sedimentary record of
export production are addressed in the third part of the
discussion.
The first question is whether enhanced dust deposi-
tion rates during the glacial were sufficient to relieve iron
stress in the subarctic N. Pacific. Bopp et al. (2003) ex-
amine this question for the LGM using the ocean biogeo-
chemistry model of Aumont et al. (2003), which includes
an explicit representation of diatoms and nannoplankton
and co-limitation by iron, silicic acid and phosphate.
Changes in marine biota are simulated using the dust
deposition maps of Mahowald et al. (1999; suggesting
an >20 fold increase in dust deposition over the subarctic
Pacific), sea surface temperatures and sea ice cover from
CLIMAP (1981) and Crosta et al. (1998) and ocean cir-
culation patterns reconstructed for the LGM (Fleury and
Marti, pers. com. in Bopp et al., 2003). Forced with these
boundary conditions, the Bopp et al. (2003) model shows
an ecosystem shift in the subarctic N. Pacific towards
diatoms at the expense of nannoplankton and an overall
increase in export production of 10–20 g C/m2y–1. This
increase is significant compared to a present day export
production rate of roughly 33–66 g C/m–2y–1 (based on
110–220 g C m–2y–1 or 300–600 mg C m–2d–1 of primary
production and an f-ratio of 0.3). However, as shown here,
and as noted by Bopp et al. (2003), the predicted increase
in export flux conflicts with the opal palaeoproductivity
records from this region.
A number of factors can be proposed to reconcile
this apparent contrast. While the positive relationship
between iron supply and phytoplankton growth rates is
well documented (Boyd et al., 1996; Coale et al., 1996;
Boyd and Harrison, 1999; Tsuda et al., 2003, and others),
it is still undetermined whether or not an increase in iron
supply leads to increased export of particulate carbon
(Charette and Buesseler, 2000; Buesseler and Boyd,
2003). Furthermore, even if future mesoscale Fe fertili-
zation experiments do show sustained export increases
following mixed-layer Fe fertilization, it is still unclear
whether prolonged iron supply during glacial periods can
lead to a strengthening of the biological pump over long
timescales and over large areas. While iron might be the
proximal limiting nutrient in the subarctic North Pacific
today, stimulating production by adding iron might have
rapidly driven the system towards limitation of another
nutrient such as silicic acid or nitrate. This is especially
true if iron is delivered to the North Pacific predominately
through the atmosphere, as suggested by present day ob-
servations and modeling (Duce and Tindale, 1991; Tegen
and Fung, 1995). Dust storms at the beginning of a gla-
cial period might well have led to a rapid growth of dia-
toms. However, the growing stock of diatoms might have
simply used up all the silicic acid and/or nitrate, eventu-
ally sinking out, and leaving a macronutrient-depleted
euphotic zone behind which was only capable of sustain-
ing small cell phytoplankton production. This commu-
nity would then rely on regenerated nutrients and not con-
tribute to any significant export of carbon and opal. Miller
et al. (1991) predicted a similar scenario as a consequence
of a hypothetical large scale iron addition experiment in
the subarctic North Pacific based on observations during
the SUPER ecosystem research program. Until the
euphotic zone is resupplied with macronutrients from
below the mixed layer during the next winter, additional
iron will have no effect. In principle, one could argue that
higher overall wind speeds should increase the depth of
the mixed layer as well as the vertical velocity of Ekman
pumping during the glacials, thereby supplying more
macronutrients to the euphotic zone. However, palaeo
records of upper ocean density are inconsistent with this
idea. Stable oxygen isotope ratios in planktonic
foraminifera in the NW and the NE subarctic Pacific im-
ply that the glacial surface ocean was even less dense and
more stratified than today (Zahn et al., 1991; Keigwin et
al., 1992). The δ18O data are consistent with independent
evidence for lower sea surface salinities based on fossil
dinocyst (DeVernal and Pedersen, 1997) and diatom as-
semblages (Sancetta, 1983). By analogy with today, the
increase in surface stratification is likely to have led to a
reduction in macronutrient supply to the euphotic zone,
precluding significant rates of new primary production.
Additional factors most likely played a role in keep-
ing glacial productivity low in this region. Fossil diatom
and dinocyst assemblages indicate that large parts of the
Bering and Okhotsk Seas were covered with perennial
sea ice (Sancetta, 1983; Sancetta et al., 1985; Shiga and
Koizumi, 2000) and that sea ice might also have been
present during parts of the year in the Alaskan Gyre
(DeVernal and Pedersen, 1997). The presence of sea ice
most likely caused significant light limitation and a shorter
growing season, especially in the higher latitudes.
After the glacial period of low export production, a
strong productivity pulse apparently occurred during the
last deglaciation in the NW Pacific Gyre, the Bering Sea
and the Okhotsk Sea. Keigwin et al. (1992) suggested
that this pulse was related to the northward withdrawal
of a seasonally oscillating sea ice margin, by analogy with
the occurrence of phytoplankton blooms triggered by the
summer melt of marginal ice zones in the Bering Sea
(McRoy and Goering, 1974; Sorokin, 1999) and the
Southern Ocean (Smith and Nelson, 1985; Buesseler et
al., 2003). The ice melt reduces sea surface salinity (as
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reflected in the δ18O anomalies observed by Keigwin et
al., 1992) thereby possibly promoting a level of upper
water column stability that fosters phytoplankton growth
but does not prevent the resupply of nutrients from be-
low. Furthermore, the ice melt is likely to release accu-
mulated iron and other nutrients. Summer insolation in-
creased during the last deglaciation (Laskar, 1990), pos-
sibly combining with the retreating sea ice to create ideal
conditions for maximal export production. The exact tim-
ing of the productivity pulse in the subarctic Pacific and
the Bering Sea is currently being investigated (Cook and
Keigwin, in prep.). In the open subarctic NW Pacific
(RAMA 44 PC, Fig. 5) the productivity pulse starts at
14.6 kyrs B.P., coeval with the onset of the Bølling-
Allerød warm period.
In the northwestern subarctic Pacific (ODP Site 882),
opal export appears to have been consistently higher dur-
ing previous interglacial periods, similar to the Bering
and Okhotsk Seas, were opal and Ba records are highest
during warm OIS 1 and 5. It has previously been sug-
gested that the strength of North Atlantic Deep Water
(NADW) formation controls the nutrient supply to the
northwestern subarctic Pacific (Haug et al., 1995), as-
suming this is the region where abyssal deep waters ulti-
mately well up to the surface. In this scenario, vigorous
NADW formation and abyssal circulation cause high nu-
trient contents, high productivity, and cool sea surface
temperatures in the NW Pacific during interglacials and
interstadials (Haug et al., 1995; Kiefer et al., 2001). How-
ever, the present oceanographic understanding of the re-
gion does not necessarily support this concept. The bal-
ance between wind driven upwelling and surface stratifi-
cation determines the supply of nutrients to the euphotic
zone (Gargett, 1991), and the deep water overturn of the
North Pacific is usually shown as upwelling of northward
flowing bottom water from the South Pacific into the over-
lying Pacific Deep water layer, which then returns south-
wards at middepths (~2000–4000 m; Roemmich and
McCallister, 1989; Talley, 1995, 2003; Ganachaud, 2003).
In contrast to the control by NADW, and similar to the
controls on export production proposed here for glacial-
interglacial time-scales, Haug et al. (1999) suggested that
the onset of permanent stratification in the subarctic Pa-
cific was responsible for the large reduction in opal MARs
recorded at 2.73 million years B.P. at OPD site 882. Be-
fore 2.73 million years, opal MAR at this site was sig-
nificantly higher than the values recorded during the late
Pleistocene, which are discussed here.
5.1  Transition zone
In contrast to the subarctic Pacific, there is an ap-
parent increase in export production during glacial peri-
ods (OIS 2, 4, and 6) in the transition zone between
subartic and subtropical water masses. Based on their
sediment core findings, Maeda et al. (2002) and Kawahata
et al. (2000) suggest that a southward shift in the posi-
tion of the subantarctic front and an increase in aerosol
accumulation during glacial stages might have been re-
sponsible for increased export fluxes of biogenic materi-
als. For this region, the sediment core results are qualita-
tively consistent with the ocean biochemistry model of
Bopp et al. (2003), which predicts an increase in export
production of 0–10 g C/m2y–1 during the LGM in response
to higher dust accumulation, cooler SSTs and ocean cir-
culation changes (see above). The high degree of upper
ocean stratification inferred for the subarctic region,
which we assume prevented nutrient re-supply from be-
low, might not have characterized the transition zone dur-
ing the glacials. Thus, one could speculate that macro
nutrient supply from below was sufficient and that iron
fertilization indeed stimulated export production in this
region. However, more and tighter proxy data are needed
before this can be accepted with any degree of confidence.
On the basis of the available evidence, therefore, the
palaeo records imply that although export production in
the transition zone might have been higher during glacial
periods of increased dust inputs, such evidence is lack-
ing from the subarctic Pacific, where Fe additions have
been shown to stimulate production, as well as from the
Bering and Okhotsk Seas. Hence, these latter regions do
not appear to qualify as areas of additional CO2 sinks
during glacial periods.
5.2  Possible biases in the sedimentary records
Taking the sedimentary opal records discussed here
at face value, however, might be misleading for three rea-
sons. First, species that do not build opal frustules, such
as phaeocystes, might have proliferated under glacial con-
ditions. However, a systematic increase in export rain of
any phytoplankton species during glacials should ideally
be reflected in higher organic carbon or Ba contents in
glacial sediment sections. None of the records from the
subarctic Pacific examined here shows a clear pattern of
higher sedimentary Corg or Ba values during glacials (see
figure 2 in Haug et al., 1995; figure 4 in McDonald et al.,
1999).
Second, there is a growing body of evidence that
syndepositional redistribution of sediments by bottom
currents occurs on a variety of spatial scales. In areas of
dynamic bottom currents, the accumulation of laterally
redistributed sediments is often several fold larger than
the flux of material initially sinking from the euphotic
zone (e.g. Marcantonio et al., 2001). Failing to take lat-
eral fluxes and winnowing and their potential changes
over time into account can result in serious errors in esti-
mating actual palaeo fluxes from the surface. Flux nor-
malization to the particle reactive radio nuclide 230Th,
such as done here for site PAR 87-1, offers a means of
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correcting for lateral flux and for assessing palaeo export
fluxes with greater confidence (François et al., 2003).
However, apart from site PAR 87-1 and also RAMA-
44PC, where new 230Th measurements (Crusius, unpub.
data) confirm the previous results based on percentages
and MARs, these measurements are still lacking from all
other sites in the North Pacific.
The third complicating factor in our interpretation is
the potential  change in the Si:C uptake ratio of
phytoplankton over glacial-interglacial time scales. Dia-
toms under iron stress take up more silicic acid relative
to carbon and nitrogen than diatoms under Fe replete con-
ditions (Hutchins and Bruland, 1998; Takeda, 1998; Firme
et al., 2003), which leads to the production of more heav-
ily silicified diatoms that have higher sinking rates
(Muggli et al., 1996). Release from iron stress during
glacials might thus have permitted diatoms to grow with
lower Si:C uptake ratios, and hence carbon export might
have been higher without a concomitant increase in opal
export. However, as mentioned above, there is no clear
pattern of higher sedimentary Corg or Ba values during
glacials. Moreover, flux-corrected organic carbon values
at the Alaskan Gyre survey site (PAR87-1) correspond
well to flux-corrected Si values (Fig. 3), suggesting that
Si and C export increased at the same time during the
sporadic export production events.
6.  Conclusions
We reviewed existing sedimentary records from the
North Pacific for evidence of past changes in the strength
of the biological pump by compiling downcore records
of biogenic opal, Corg, biomarkers, and Ba. We focused
on the last 8 full glacial-interglacial cycles (0–800 kyrs).
Based on this review, the following conclusions can be
drawn:
• In the transition zone between subarctic and
subtropical water masses, export production has appar-
ently increased during glacial stages 2, 4, and 6, contem-
poraneously with higher pollen and aerosol inputs.
• In the western subarctic Pacific, opal export
decreased during glacial periods compared to
interglacials. Similarly, opal export was higher during the
Holocene compared to the last glacial period in the Bering
and Okhotsk Seas. A high level of upper ocean stratifica-
tion, inhibiting the resupply of nutrients from below, ex-
tensive sea ice and light limitation are suggested as pos-
sible causes for reducing export production during glacials
and for counteracting any possible Fe-fertilization in these
domains.
• In the Alaskan Gyre region, export production
does not appear to show a strong glacial-interglacial
cyclicity. Instead, export production has increased dur-
ing sporadic events throughout the last 800 kyrs. The trig-
ger of these events remains elusive, but might be related
to regional effects such Fe delivery by dust storms, melt
water inputs, or eddies originating from the Alaskan and
British Columbian coastlines.
The results presented here are based on a limited
number of core sites, and the development of new and
tighter palaeo data constraints (such as 230Th, δ15N and
δ32Si, as well a measurement of frustule silicification)
might well lead to a different and perhaps more complex
picture of past variations in the biological pump than that
described here. However, based on the currently avail-
able records, no case can be made for consistently in-
creased export production during glacials in response to
iron fertilization in the subarctic Pacific.
Acknowledgements
We are very grateful to Joseph Needoba, Markus
Kienast, Lloyd Keigwin and Roger François for stimu-
lating discussions and to V. V. S. S. Sarma as well as two
anonymous reviewers for official reviews which greatly
helped to improve the manuscript. This work was sup-
ported by NSERC through grants to S.E.C. and T.F.P. This
is WHOI contribution 11059.
References
Aumont, O., E. Maier-Reimer, S. Blain and P. Monfray (2003):
An ecosystem model of the global ocean including Fe, Si, P
colimitation.  Global Biogeochem. Cycles ,  17(2),
doi:10.1029/2001/GB001745.
Bacon, M. P. (1984): Glacial to interglacial changes in carbon-
ate and clay sedimentation in the Atlantic Ocean estimated
from 230 Th measurements. Isotope Geoscience, 2, 97–111.
Barnola, J. M., D. Raynaud, Y. S. Korotkevich and C. Lorius
(1987): Vostok ice core provides 160, 000-year record of
atmospheric CO2. Nature, 329, 408–414.
Biscaye, P. E., F. E. Grousset, M. Revel, S. V. d. Gaast, G. A.
Zielinski, A. Vaars and G. Kukla (1997): Asian provenance
of glacial dust (stage 2) in the Greenland Ice Sheet Project
2 Ice Core, Summit, Greenland. J. Geophys. Res.—Part C,
102(12), 26,765–26,781.
Bishop, J. K. B., R. E. Davis and J. T. Sherman (2002): Ro-
botic observations of dust storm enhancement of carbon
biomass in the North Pacific. Science, 298, 817–821.
Bopp, L., K. E. Kohfeld, C. L. Quéré and O. Aumont (2003):
Dust impact on marine biota and atmospheric CO2 during
glacial periods. Paleoceanography, 18(2), doi:10.1029/
2002PA000810.
Boyd, P. and P. J. Harrison (1999): Phytoplankton dynamics in
the NE subarctic Pacific. Deep-Sea Res. II, 46(11–12),
2405–2432.
Boyd, P. W., D. L. Muggli, D. E. Varela, R. H. Goldblatt, R.
Chretien, K. J. Orians and P. J. Harrison (1996): In vitro
iron enrichment experiments in the NE subarctic Pacific.
Mar. Ecol. Prog. Ser., 136, 179–193.
Broecker, W. S. (1982): Glacial to interglacial changes in ocean
chemistry. Prog. Oceanogr., 11, 151–197.
Buesseler, K. O. and P. W. Boyd (2003): Will ocean fertiliza-
tion work? Science, 300, 67–68.
200 S. S. Kienast et al.
Buesseler, K. O., R. T. Barber, M.-L. Dickson, M. R. Hiscock,
J. K. Moore and R. Sambrotto (2003): The effect of mar-
ginal ice-edge dynamics on production and export in the
Southern Ocean along 170W. Deep-Sea Res. II, 50, 579–
603.
Calvert, S. E. and N. B. Price (1983): Geochemistry of Namibian
Shelf sediments. p. 337–375. In Coastal Upwelling, ed. by
E. Suess and J. Thiede, Plenum Publishing Corporation,
New York.
Calvert, S. E., R. M. Bustin and T. F. Pedersen (1992): Lack of
evidence for enhanced preservation of sedimentary organic
matter in the oxygen minimum of the Gulf of California.
Geology, 20, 757–760.
Calvert, S. E., T. F. Pedersen, P. H. Naidu and U. v. Stackelberg
(1995): On the organic carbon maximum on the continental
slope of the eastern Arabian Sea. J. Mar. Res., 53, 269–296.
Charette, M. A. and K. O. Buesseler (2000): Does iron fertili-
zation lead to rapid carbon export in the Southern Ocean.
Geochemistry Geophysics Geosystems, 1 (paper number
2000GC000069).
Chiba, S., T. Ono, K. Tadokoro, T. Midorikawa and T. Saino
(2004): Increased stratification and decreased lower trophic
level productivity in the Oyashio region of the North Pa-
cific: A 30-year retrospective study. J. Oceanogr., 60, this
issue, 149–162.
CLIMAP, P. M. (1981): Maps of Northern and Southern Hemi-
sphere Continental Ice, Sea Ice, and Sea Surface Tempera-
tures in August for the modern and the last glacial maxi-
mum. Geol. Soc. Map and Chart Series, MC-36.
Coale, K. H., S. E. Fitzwater, R. M. Gordon, K. S. Johnson and
R. T. Barber (1996): Control of community growth and ex-
port production by upwelled iron in the equatorial Pacific
Ocean. Nature, 379, 1996.
Crosta, X., J.-J. Pichon and L. H. Burckle (1998): Reappraisal
of Antarctic seasonal sea-ice at the Last Glacial Maximum.
Geophys. Res. Lett., 25(14), 2703–2706.
De Vernal, A. and T. F. Pedersen (1997): Micropaleontology
and palynology of core PAR87A-10: A 23,000 year record
of paleoenvironmental changes in the Gulf of Alaska, north-
east Pacific. Paleoceanography, 12(6), 821–830.
Denman, K. L. and A. E. Gargett (1988): Multiple thermoclines
are barriers to vertical exchange in the subarctic Pacific
during SUPER, May 1984. J. Mar. Res., 46, 77–103.
Duce, R. A. and N. W. Tindale (1991): Atmospheric transport
of iron and its deposition in the ocean. Limnol. Oceanogr.,
36(8), 1715–1726.
Dymond, J. and R. Collier (1996): Particulate barium fluxes
and their relationships to biological productivity. Deep-Sea
Res., 43(4–6), 1283–1308.
Dymond, J., E. Suess and M. Lyle (1992): Barium in deep-sea
sediments: A geochemical proxy for paleoproductivity.
Paleoceanography, 7(2), 163–181.
Emile-Geay, J., M. A. Cane, N. Naik, R. Seager, A. C. Clement
and A. van Geen (2003): Warren revisited: Atmospheric
freshwater fluxes and “Why is no deep water formed in the
North Pacific.” J. Geophys. Res., 108(C6), 3178.
Firme, G. F., E. L. Rue, D. A. Weeks, K. W. Bruland and D. A.
Hutchins (2003): Spatial and temporal variability in
phytoplankton iron limitation along the California coast and
consequences for Si, N, and C biogeochemistry. Global
Biogeochem. Cycles ,  17(1),  16,  DOI10.1029/
2001GB001824.
François, R., S. Honjo, S. J. Manganini and G. E. Ravizza
(1995): Biogenic barium fluxes to the deep sea: Implica-
tions for paleoproductivity reconstruction.  Global
Biogeochem. Cycles, 9(2), 289–303.
François, R., M. Frank, M. M. Rutgers van der Loeff and M.
Bacon (2003): 230Th-normalization: an essential tool for
interpreting sedimentary fluxes during the late Quaternary.
Paleoceanography (in press).
Freeland, H., K. Denman, C. S. Wong, F. Whitney and R.
Jacques (1998): Evidence of change in the winter mixed
layer in the Northeast Pacific Ocean. Deep-Sea Res., 44,
2117–2129.
Fung, I. Y., S. K. Meyn, I. Tegen, S. C. Doney, J. G. John and J.
K. B. Bishop (2000): Iron supply and demand in the upper
ocean. Global Biogeochem. Cycles, 14(1), 281.
Ganachaud, A. (2003): Large-scale mass transports, water mass
formation, and diffusivities estimated from World Ocean
Circulation experiment (WOCE) hydrographic data. J.
Geophys. Res. 108(C7), 3213, doi:10.1029/2002JC001565.
Ganeshram, R. S., S. E. Calvert, T. F. Pedersen and G. L. Cowie
(1999): Factors controlling the burial of organic carbon in
laminated and bioturbated sediments off NW Mexico: Im-
plications for hydrocarbon preservation. Geochim.
Cosmochim. Acta, 63(11/12), 1723–1734.
Gargett, A. E. (1991): Physical processes and the maintenance
of nutrient-rich euphotic zones. Limnol. Oceanogr., 38(8),
1527–1545.
Gingele, F. X., M. Zabel, S. Kasten, W. J. Bonn and C. C.
Nurnberg (1999):  Biogenic barium as a proxy for
paleoproductivity: methods and limitations of application.
p. 345–364. In Use of Proxies in Paleoceanography: Ex-
amples from the South Atlantic, ed. by G. Fischer and G.
Wefer, Springer-Verlag, Berlin.
Glover, D. M., J. S. Wroblewski and C. R. McClain (1994):
Dynamics of the transition zone in coastal zone color scan-
ner-sensed ocean color in the North Pacific during oceano-
graphic spring. J. Geophys. Res., 99(C4), 7501–7511.
Gorbarenko, S. A. (1996): Stable isotope and lithologic evi-
dence of late-glacial and Holocene oceanography of the
Northwestern Pacific and its marginal Seas. Quaternary
Res., 46, 230–250.
Harrison, P. J., P. W. Boyd, D. E. Varela, S. Takeda, A. Shiomoto
and T. Odate (1999): Comparison of factors controlling
phytoplankton productivity in the NE and the NW subarctic
Pacific gyres. Prog. Oceanogr., 43, 205–234.
Harrison, P. J., F. A. Whitney, A. Tsuda, H. Saito and K.
Tadokoro (2004): Nutrient and plankton dynamics in the
NE and NW gyres of the subarctic Pacific Ocean. J.
Oceanogr., 60, this issue, 93–117.
Hartnett, H. E., R. G. Keil, J. I. Hedges and A. H. Devol (1998):
Influence of oxygen exposure time on organic carbon pres-
ervation in continental margin sediments. Nature, 391, 572–
574.
Haug, G. H., M. A. Maslin, M. Sarnthein, R. Stax and R.
Tiedemann (1995): Evolution of Northwest Pacific sedimen-
tation patterns since 6 Ma (Site 882). p. 293–314. In Pro-
Export Production in the Subarctic North Pacific over the Last 800 kyrs: No Evidence for Iron Fertilization? 201
ceedings of the Ocean Drilling Program, Sci. Results, Vol.
145, ed. by D. K. Rea, I. A. Basov, D. W. Stoll and J. F.
Allen, College Station TX (Ocean Drilling Program).
Haug, G. H., D. M. Sigman, R. Tiedemann, T. F. Pedersen and
M. Sarnthein (1999): Onset of permanent stratification in
the subarctic Pacific Ocean. Nature, 401, 779–782.
Hedges, J. I., J. A. Baldock, Y. Géllnas, C. Lee, M. Peterson
and S. G. Wakeham (2001): Evidence for non-selective pres-
ervation of organic matter in sinking particles. Nature, 409,
801–804.
Hutchins, D. A. and K. W. Bruland (1998): Iron-limited diatom
growth and Si:N uptake ratios in a coastal upwelling re-
gime. Nature, 393, 561–564.
Imai, K., Y. Nojiri, N. Tsurushima and T. Saino (2002): Time
series of seasonal variation of primary productivity at sta-
tion KNOT (44N, 155E) in the sub-arctic western N-Pa-
cific. Deep-Sea Res. II, 49(24–25), 5395–5408.
Imbrie, J., J. D. Hays, D. G. Martinson, A. McIntyre, A. C.
Mix, J. J. Morley, N. G. Pisas, W. L. Prell and N. J.
Shackleton (1984): The orbital theory of pleistocene cli-
mate: support from a revised chronology of the marine δ18O
record. p. 269–305. In Milankovitch and Climate, ed. by A.
L. Berger et al., D. Riedel Publishing Company.
Kawahata, H. and H. Ohshima (2002): Small latitudinal shift
in the Kuroshio Extension (Central Pacific) during glacial
times: evidence from pollen transport. Quaternary Sci. Rev.,
21, 1705–1717.
Kawahata, H., A. Suzuki and N. Ahagon (1998): Sinking parti-
cles between the equatorial and the subarctic regions (0–
46°N) in the central Pacific. Geochemical J., 32, 125–133.
Kawahata, H., T. Okamoto, E. Matsumoto and H. Ujiie (2000):
Fluctuations of eolian flux and ocean productivity in the
mid-latitude North Pacific during the last 200 kyr. Quater-
nary Sci. Rev., 19, 1279–1291.
Keigwin, L. D. (1998): Glacial-age hydrography of the far north-
west Pacific Ocean. Paleoceanography, 13(4), 323–339.
Keigwin, L. D., G. A. Jones and P. N. Froelich (1992): A 15,000
year paleoenvironmental record from the Meiji Seamount,
far northwestern Pacific. Earth Planet. Sci. Lett., 111, 425–
440.
Kiefer, T., M. Sarnthein and A. P. Roberts (2001): North Pa-
cific response to millennial-scale changes in ocean circula-
tion over the last 60 kyr. Paleoceanography, 16(2), 179.
Kohfeld, K. E. and S. P. Harrison (2001): DIRTMAP: The geo-
logical record of dust. Earth Sci. Rev., 54, 81–114.
Krauskopf, K. (1979): Introduction to Geochemistry, Mcgraw-
Hill, New York, 617 pp.
Laskar, J. (1990): The chaotic motion of the solar system: A
numerical estimation of the size of the chaotic zones. Icarus,
88, 266–291.
Laws, E. A., P. G. Falkowski and J. J. McCarthy (2000): Tem-
perature effects on export production in the open ocean.
Global Biogeochem. Cycles, 14(4), 1231.
Levitus, S., T. Boyer, R. Burgett and M. Conkright (1994):
World Ocean Atlas, Natl. Oceanogr. Data Cent., Natl. Oce-
anic and Atmos. Admin. Silver Spring, Md.
Maeda, L., H. Kawahata and M. Noharta (2002): Fluctuation
of biogenic and abiogenic sedimentation on the Shatsky Rise
in the western north Pacific during the late Quaternary. Mar.
Geol., 189, 197–214.
Mahowald, N., K. Kohfeld, M. Hansson, Y. Balkanski, S. P.
Harrison, I. C. Prentice, M. Schulz and H. Rodhe (1999):
Dust sources and deposition during the last glacial maxi-
mum and current climate: a comparison of model results
with paleodata from ice cores and marine sediments. J.
Geophys. Res., 104(D13), 15895–15916.
Marcantonio, F., R. F. Anderson, S. Higgins, M. Stute, P.
Schlosser and P. Kubik (2001): Sediment focusing in the
central equatorial Pacific Ocean. Paleoceanography, 16(3),
260–267 (paper 2000PA000540).
Martin, J. (1990): Glacial-interglacial CO2 change: the iron
hypothesis. Paleoceanography, 5, 1–13.
Martin, J. H. and S. E. Fitzwater (1988): Iron deficiency limits
phytoplankton growth in the north-east Pacific subarctic.
Nature, 331, 341–343.
Martinson, D. G., N. G. Pisas, J. D. Hays, J. Imbrie, T. C. Moore
and N. J. Shackleton (1987): Age dating and the orbital
theory of the ice ages: Developement of a high-resolution 0
to 300,000-year chronostratigraphy. Quaternary Res., 27,
1–29.
McDonald, D., T. F. Pedersen and J. Crusius (1999): Multiple
late Quaternary episodes of exceptional diatom production
in the Gulf of Alaska. Deep-Sea Res. II, 46, 2993–3017.
McManus, J., W. M. Berelson, G. P. Klinkhammer, K. S.
Johnson, K. H. Coale, R. F. Anderson, N. Kumar, D. J.
Burdige, D. E. Hammond, H. J. Brumsack, D. C. McCorkle
and A. Rushdi (1998): Geochemistry of barium in marine
sediments: Implications for its use as a paleoproxy.
Geochim. Cosmochim. Acta, 62(21/22), 3453–3473.
McRoy, C. P. and J. J. Goering (1974): The influence of ice on
the primary productivity of the Bering Sea. p. 403–421. In
Oceanography of the Bering Sea, ed. by D. W. Hood and E.
J. Kelly, University of Alaska, Fairbanks.
Middelburg, J. J., K. Soetaert and P. M. J. Herman (1997):
Empirical relationships for use in global diagenetic mod-
els. Deep-Sea Res., 44(2), 327–344.
Miller, C. B., B. W. Frost, P. A. Wheeler, M. R. Landry, N.
Welschmeyer and T. M. Powell (1991): Ecological dynam-
ics in the subarctic Pacific, a possible iron-limited system.
Limnol. Oceanogr., 36, 1600–1615.
Muggli, D. L., M. Lecourt and P. J. Harrison (1996): Effects of
iron and nitrogen source on the sinking rate, physiology
and metal composition of an oceanic diatom from the
subarctic Pacific. Mar. Ecol. Prog. Ser., 132, 215–227.
Müller, P. J. and E. Suess (1979): Productivity, sedimentation
rate, and sedimentary organic matter in the oceans—I. Or-
ganic carbon preservation. Deep-Sea Res., 26A, 1347–1362.
Nakatsuka, T., K. Watanabe, N. Handa, E. Matsumoto and E.
Wada (1995): Glacial to interglacial surface nutrient varia-
tions of Bering deep basins recorded by δ13C and δ15N of
sedimentary organic matter. Paleoceanography, 10(6),
1047–1061.
Narita, H., M. Sato, S. Tsunogai, M. Maruyama, M. Ikehara, T.
Nkatsuka, M. Wakatsuchi, N. Harada and U. Ujiie (2002):
Biogenic opal indicating less productive northwestern North
Pacific during glacial stages. Geophys. Res. Lett., 29(15),
22-1 to 22-4.
Nelson, D. M., P. Treguer, M. A. Brzezinski, A. Leynaert and
202 S. S. Kienast et al.
B. Queguiner (1995): Production and dissolution of bio-
genic silica in the ocean: Revised global estimates, com-
parison with regional data and relationship to biogenic sedi-
mentation. Global Biogeochem. Cycles, 9(3), 359–372.
Pedersen, T. F., R. François, L. François, K. Alverson and J.
McManus (2002):  The late quaternary history of
biogeochemical cycling of carbon. p.  63–79. In
Paleoclimate, Global Change, and the Future, ed. by K. D.
Alverson, R. S. Bradley and T. F. Pedersen, Springer.
Petit, J. R., J. Jouzel, D. Raynaud, N. I. Barkov, J.-M. Barnola,
I. Basile, M. Bender, J. Chappellaz, M. Davis, G. Delaygue,
M. Delmotte, V. M. Kotlyakov, M. Legrand, V. Y. Lipenkov,
C. Lorius, L. Pépin, C. Ritz, E. Saltzman and M. Stievenard
(1999): Climate and atmospheric history of the past 420,000
years from the Vostok ice core, Antarctica. Nature, 399, 429–
436.
Pondaven, P., O. Ragueneau, P. Tréguer, A. Hauvespre, L.
Dezileau and J. L. Reyss (2000): Resolving the “opal para-
dox” in the Southern Ocean. Nature, 405, 168–172.
Ragueneau, O., P. Tréguer, A. Leynaert, R. F. Anderson, M. A.
Brzezinski, D. J. DeMaster, R. C. Dugdale, J. Dymond, G.
Fischer, R. François, C. Heinze, E. Maier-Reimer, V. Mar-
tin-Jézéquel, D. M. Nelson and B. Quéguiner (2000): A re-
view of the Si cycle in the modern ocean: recent progress
and missing gaps in the application of biogenic opal as a
paleoproductivity proxy. Earth Planet. Sci. Lett., 26, 317–
365.
Roemmich, D. and T. McCallister (1989): Large scale circula-
tion of the North Pacific Ocean. Prog. Oceanogr., 22, 171–
204.
Rohling, E. J., P. A. Mayewski and P. Challenor (2003): On the
timing and mechanism of millennial-scale variability dur-
ing the last glacial cycle. Climate Dyn., 20, 257–267.
Sancetta, C. (1983): Effect of Pleistocene glaciation upon ocea-
nographic characteristics of the North Pacific Ocean and
Bering Sea. Deep-Sea Res., 30, 851–869.
Sancetta, C., L. Heusser, L. Labeyrie, A. S. Naidu and S. W.
Robinson (1985): Wisconsin-Holocene palaeoenvironment
of the Bering Sea: Evidence from diatoms, pollen, oxygen
isotopes and clay minerals. Mar. Geol., 62, 55–68.
Sarmiento, J. L. and R. Toggweiler (1984): A new model for
the role of the oceans in determining atmospheric pCO2.
Nature, 308, 621–624.
Sarnthein, M. and K. Winn (1988): Global variations of sur-
face ocean productivity in low and mid latitudes: influence
on CO2 reservoirs of the deep ocean and atmosphere during
the last 21000 years. Paleoceanography, 3(3), 361–399.
Sarnthein, M., K. Winn and R. Zahn (1987): Paleoproductivity
of oceanic upwelling and the effect on atmospheric CO2
and climatic change during deglaciation times. p. 311–337.
In Abrupt Climatic Change, ed. by W. H. Berger and L. D.
Labeyrie, D. Reidel.
Sato, M. M., H. Narita and S. Tsungai (2002): Barium increas-
ing prior to opal during the last termination of glacial ages
in the Okhotsk Sea sediments. J. Oceanogr., 58, 461–467.
Shackleton, N. J. (2000): The 100,000-year ice-age cycle iden-
tified and found to lag temperature, carbon dioxide, and
orbital eccentricity. Science, 289, 1897–1902.
Shiga, K. and I. Koizumi (2000): Latest Quaternary oceano-
graphic changes in the Okhotsk Sea based on diatom records.
Marine Micropaleontology, 38, 91–117.
Sigman, D. M. and E. A. Boyle (2000): Glacial/interglacial
variations in atmospheric carbon dioxide. Nature, 407, 859–
869.
Smith, W. O. and D. M. Nelson (1985): Phytoplankton bloom
produced by a receding ice edge in the Ross Sea: spatial
coherence with the density field. Science, 227, 163–166.
Sorokin, Y. I. (1999): Data on primary production in the Bering
Sea and adjacent Northern Pacific. J. Plankton Res., 21(4),
615–636.
Sorokin, Y. I. and P. Y. Sorokin (1999): Production in the Sea
of Okhotsk. J. Plankton Res., 21(2), 201–230.
Stott, L. D., W. Berelson, R. Douglas and D. Gorsline (2000):
Increased dissolved oxygen in Pacific intermediate waters
due to lower rates of carbon oxidation in sediments. Na-
ture, 407, 367–370.
Stuiver, M., P. J. Reimer, E. Bard, J. W. Beck, G. S. Burr, K. A.
Hughen, B. Kromer, G. McCormac, J. van der Pflicht and
M. Spurk (1998): INTCAL98 radiocarbon age calibration,
24,000–0 cal BP. Radiocarbon, 40(3), 1041–1083.
Svensson, A., P. E. Biscaye and F. E. Grousset (2000): Charac-
terization of late glacial continental dust in the Greenland
Ice Core Project ice core. J. Geophys. Res., 105(D4), 4637–
4656.
Tabata, S. (1975): The general circulation of the Pacific Ocean
and a brief account of the oceanographic structure of the
North Pacific Ocean. Part I—Circulation and volume trans-
ports. Atmosphere, 13, 133–168.
Takeda, S. (1998): Influence of iron availability on nutrient
consumption ratio of diatoms in oceanic waters. Nature, 393,
774–777.
Talley, L. D. (1985): Ventilation of the Subtropical North Pa-
cific: The shallow salinity minimum. J. Phys. Oceanogr.,
15, 633–649.
Talley, L. D. (1995): Some advances in understanding of the
general circulation of the Pacific Ocean, with emphasis on
recent U.S. contributions. Rev. Geophys., 33, Suppl., 1335–
1352.
Talley, L. D. (2003): Data-based meridional overturning
streamfunctions for the global ocean. J. Climate, 16, 3213–
3226.
Tegen, I. and I. Fung (1995): Contribution to the atmospheric
mineral aerosol load from land surface modification. J.
Geophys. Res, 100(D9), 18,707–18,726.
Ternois, Y., K. Kawamura, L. Keigwin, N. Ohkouchi and T.
Nakatsuka (2001): A biomarker approach for assessing
marine and terrigenous inputs to the sediments of the Sea
of Okhotsk for the last 27,000 kyrs. Geochim. Cosmochim.
Acta, 65(5), 79.
Thomson, R. E. (1981): Oceanography of the British Colum-
bia Coast. Department of Fisheries and Oceans, Ottawa,
291 pp.
Thunell, R. C., R. Varela, M. Llano, J. Collister, F. Muller-
Karger and R. Bohrer (2000): Organic carbon fluxes, deg-
radation and accumulation in an anoxic basin: Sediment trap
results from the Cariaco Basin. Limnol. Oceanogr., 45(2),
300–308.
Tiedemann, R. and G. H. Haug (1995): Astronomical calibra-
Export Production in the Subarctic North Pacific over the Last 800 kyrs: No Evidence for Iron Fertilization? 203
tion of cycle stratigraphy for Site 882 in the northwest Pa-
cific. p. 283–291. In Proceedings of the Ocean Drilling Pro-
gram, Sci. Results, Vol. 145, ed. by D. K. Rea, I. A. Basov,
D. W. Stoll and J. F. Allen, College Station TX (Ocean
Drilling Program).
Tsuda, A., S. Taskeda, H. Saito, J. Nishioka, Y. Nojiri, I. Kudo,
H. Kiyosawa, A. Shiomoto, K. Imai, T. Ono, A. Shimamoto,
D. Tsumune, T. Yoshimura, T. Aono, A. Hinuma, M.
Kinugasa, K. Suzuki, Y. Sohrin, Y. Nori, H. Tani, Y. Deguchi,
N. Tsurushima, H. Ogawa, K. Fukami, K. Kuma and T. Saino
(2003): A mesoscale iron enrichment in the western
subarctic Pacific induces a large centric diatom bloom. Sci-
ence, 300, 958–961.
Tsurushima, N., Y. Nojiri, K. Imai and S. Watanabe (2002):
Seasonal variations of the carbon dioxide system and nutri-
ents in the surface mixed layer at station KNOT (44N,
155W) in the subarctic Pacific. Deep-Sea Res. II, 49(24–
25), 5377–5392.
Varela, D. E. and P. J. Harrison (1999): Seasonal variability in
nitrogenous nutrition of phytoplankton assemblages in the
northeastern subarctic Pacific Ocean. Deep-Sea Res. II, 46,
2505–2538.
Volkman, J. K. (1986): A review of sterol markers for marine
and terrigenous organic matter. Org. Geochem., 9(2), 83–
99.
Von Breymann, M. T., K.-C. Emeis and E. Suess (1992): Water
depth and diagenetic constraints on the use of barium as a
paleoproductivity indicator. p. 273–284. In Upwelling Sys-
tems: Evolution since the Early Miocene, ed. by C. P.
Summerhayes, W. L. Prell and K. C. Emeis, Geological
Society Special Publication.
Warren, B. A. (1983): Why is no deep water formed in the North
Pacific? J. Mar. Res., 41, 327–347.
Werner, M., I. Tegen, S. P. Harrison, K. E. Kohfeld, I. C.
Prentice, Y. Balkanski, H. Rodhe and C. Roelandt (2002):
Seasonal and interannual variability of the mineral dust
cycle under present and glacial climate conditions, J.
Geophys.  Res . ,  107(D24),  4744, doi:10.1029/
2002JD002365.
Whitney, F. A. and H. J. Freeland (1999): Variability in upper-
ocean water properties in the NE Pacific Ocean. Deep-Sea
Res. II, 46(11–12), 2351–2370.
Whitney, F. and M. Robert (2002): Structure of Haida eddies
and their transport of nutrients from coastal margins into
the NE Pacific Ocean. J. Oceanogr., 58(5), 715–723.
Whitney, F. A., C. S. Wong and P. W. Boyd (1998): Interannual
variability in nitrate supply to surface waters of the North-
east Pacific Ocean. Mar. Ecol. Prog. Ser., 170, 15–23.
Wong, C. S., N. A. D. Waser, F. A. Whitney, W. K. Johnson and
J. S. Page (2002): Time-series study of the biogeochemis-
try of the North East Subarctic Pacific: Reconciliation of
the Corg/N remineralization and uptake ratios with the
Redfield ratios. Deep-Sea Res. II, 49(24–25), 5717–5738.
Yasuda, I., Y. Hiroe, K. Komatsu, K. Kawasaki, T. M. Joyce, F.
Bahr and Y. Kawasakiet (2001): Hydrographic structure and
transport of the Oyashio south of Hokkaido and the forma-
tion of North Pacific Intermediate Water. J. Geophys. Res.,
106(C4), 6931–6942.
Zahn, R., T. F. Pedersen, B. D. Bornhold and A. C. Mix (1991):
Water mass conversion in the glacial subarctic Pacific (54N,
148W): Physical constraints and the benthic-planktonic sta-
ble isotope record. Paleoceanography, 6, 543–560.
